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Technical Summary:

1.

The first theoretical model for HF-created descending artificial plasmas has been developed. Its basic idea is that
enhanced ionization by suprathermal electrons accelerated by Langmuir turbulence near the critical altitude
produces the artificial plasma sustaining interaction with the transmitted HF beam. The newly ionized plasma
region moves toward the upward-propagating HF beam, thereby creating an ionizing wavefront. The basic
assumptions of the model have been confirmed by exploring a multi-scale dynamic model for the creation and
propagation of artificial plasmas. Ordinary mode electromagnetic waves excite parametric instabilities and strong
Langmuir turbulence near the reflection point. The coupling between high frequency electromagnetic and
Langmuir waves and low-frequency ion acoustic waves is numerically simulated using a generalized Zakharov
equation. The acceleration of plasma electrons is described by a Fokker-Planck model with an effective diffusion
coefficient constructed using the simulated Langmuir wave spectrum. The propagation of the accelerated
electrons through the non-uniform ionosphere is simulated by a kinetic model accounting for elastic and inelastic
collisions with neutrals. The resulting ionization of neutral gas increases the plasma density below the
acceleration region, so that the pump wave is reflected at a lower altitude. This leads to a new turbulent layer at
the lower altitude, resulting in a descending artificial ionized layer, which moves from near 230 km to about 150
km. At the terminal altitude, ionization, recombination, and ambipolar diffusion reach equilibrium, so the descent
stops. The modeling results reproduce artificial ionospheric layers produced for similar sets of parameters during
the high-power HF experiments at HAARP.

The FLIP and SAMI2 models have been adapted to the conditions of HF heating and used to simulate HF-created
ion outflows, artificial density ducts, and descending artificial plasma layers. These models include only HF-
induced electron heating near the critical layer. It has been shown that enhanced plasma transport and chemistry
driven by the heating leads to the density depletion/enhancement above/below the nominal critical layer in the
background ionosphere. However, the enhancement is too small to account for the observations of descending
layers below 200 km, thereby confirming that HF-accelerated electrons are the main source of descending
artificial plasmas.

Specially designed DMSP satellite-HAARP heating experiments have been conducted in 2010-2011 and revealed
that artificial density ducts and ion outflows in the topside ionosphere appear more rapidly than the state-of-the-
art two-fluid SAMI2 model predicted. This observation requires accounting for kinetic (suprathermal) effects
absent in the conventional ionospheric models.

Under-dense noontime heating experiments at HAARP revealed that the electron density decreases/increases in
time in the region below/above 140 km. This observation manifests the change of the balance between the
photoionization, electron-ion recombination, and the electron-oxygen dissociative attachment losses caused by the
heating. The latter is not included in the operational ionospheric models.

Nonlinear interactions of lower hybrid waves with plasma particles have been numerically simulated under the
assumption of axially symmetric turbulence. This is the first nonlinear solution of the general form of nonlinear
interactions of lower hybrid waves due to induced scattering, i.e., the so-called vector nonlinearity. The resulting
spectral energy distribution strongly depends on the local lower hybrid resonance and resembles the in situ
satellite observations. This simulation can also be applied to explore the lower hybrid acceleration mechanism in
HF-ionosphere interactions near the upper hybrid layer.

High-power HF heating experiments have been conducted at HAARP in October 2008 and August 2011 in
conjunction with the CHAMP and twin GRACE satellites carrying the STAR and SuperSTAR accelerometers,
respectively. These experiments presented the first evidence of F2-region atmospheric gravity waves generated by
HF heating. These results provide the groundwork for a new method of studying the ionosphere-thermosphere
coupling.

HF heating experiments at frequencies f, near the 4™ electron gyroharmonic 4f., have been conducted at HAARP
on 28 March 2011 between 1500 and 1600 AST to explore the development of artificial descending plasma



layers. Data come from concurrent measurements of the secondary radiation escaping the HF-pumped ionosphere,
a.k.a. stimulated electromagnetic emissions (SEE), reflected probing signals at fO, and plasma line radar echoes
from the MUIR radar. The artificial layers appeared only for injections along the magnetic field and f, > 4f,, at the
nominal HF interaction altitude in the background ionosphere. Their average downward speed ~0.5 km/s holds
until the terminal altitude where the local 4th gyroharmonic matches f,. The total descent up to 30 km increases
with the nominal offset fy-4f... The sensitivity to the sign of the offset fo-4f, indicates the important role of upper
hybrid waves in the electron. However, the fact that in this experiment the descent starts during the first few
pulses of period 2, i.e. faster than the striations and anomalous absorption at the UH level can develop, and the
presence of enhanced descending plasma line echoes indicate also the significance of Langmuir turbulence. These
observations suggest the coexistence of the O—UH and O—L instabilities and, possibly, UH—L wave coupling
at the magnetic zenith.
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